Chinese hamster metaphase chromosomes were labeled by nick-translation, which involved pretreatment of metaphase chromosomes with low levels of DNase I followed by incubation with DNA polymerase I and radioactively labeled nucleotides. The labeled DNA was located on nucleasehypersensitive regions of the chromosomes, as suggested by the following observations. (i) The labeled DNA was hypersensitive to the subsequent DNase I digestion. (ii) The labeled DNA contained no nucleosomes. DNA reassociation kinetic analysis suggested that the labeled DNA was enriched in repetitive DNA sequences. Base composition analyses showed that the labeled DNA was highly enriched in guanine and adenine residues, suggesting that the nick-translation reaction was asymmetrical and the strand enriched in purine was preferentially translated. Autoradiographic analysis revealed that the label was distributed on every chromosome, but there was a lower grain density on the Y chromosome, which is heterochromatic and exhibits a relatively low level of gene activity. The locations of silver grains on the Y chromosomes were generally consistent with that revealed by the in situ hybridization using [3H]cDNA synthesized from the total Chinese hamster messenger RNA. These observations suggest that a specific subset of genomic DNA on active chromatin is the preferred site of the nick-translation.
analysis suggested that the labeled DNA was enriched in repetitive DNA sequences. Base composition analyses showed that the labeled DNA was highly enriched in guanine and adenine residues, suggesting that the nick-translation reaction was asymmetrical and the strand enriched in purine was preferentially translated. Autoradiographic analysis revealed that the label was distributed on every chromosome, but there was a lower grain density on the Y chromosome, which is heterochromatic and exhibits a relatively low level of gene activity. The locations of silver grains on the Y chromosomes were generally consistent with that revealed by the in situ hybridization using [3H] cDNA synthesized from the total Chinese hamster messenger RNA. These observations suggest that a specific subset of genomic DNA on active chromatin is the preferred site of the nick-translation.
It has been well established that active chromatin or potentially active chromatin is preferentially sensitive to the digestion by nucleases (see reviews in refs. [1] [2] [3] . In addition to this general nuclease sensitivity in the transcribed regions, there are chromosome segments that are =10 times more readily digested by the nucleases than the transcribed chromatin domain (4) (5) (6) . These DNase-hypersensitive regions have been determined almost exclusively by the indirect end-labeling method (6) , which employs a short, radioactively labeled probe to hybridize with the restricted DNA fragment isolated from low-level nuclease-digested nuclei. The nuclease-hypersensitive cleavage displays a subband on the autoradiograph with one end defined by the restriction enzyme site and the other by the DNase-hypersensitive site. By using this method, DNase I-hypersensitive sites have been assigned to certain regulatory sequences such as long terminal repeats of transcribed endogenous provirus (7) and the 72-base-pair enhancer sequences of simian virus 40 (8) (9) (10) . A number of hypersensitive cleavage sites have been assigned to the 5' side of the genes (11) (12) (13) , some, but less frequently (14, 15) , at intervening gene sequences.
The nature of DNase-hypersensitive regions has not been well characterized. It has been suggested, from restriction enzyme digestion (16, 17) , electron microscopic observations (10) , and "histone image" analysis (18) that these chromatin stretches contain no histone. The DNA in these regions is also preferentially sensitive to single-stranded specific nuclease S1 (19, 20 Preparation of chromosomes were essentially the method described previously (21) using chromosome solution described by Blumenthal et al. (22) .
Nick-Translation of Isolated Chromosomes. The isolated chromosomes were washed in DNase I-digesting buffer containing 10 mM Tris HCl (pH 7.5), 10 mM NaCl, and 3 mM MgCl2 and then were resuspended in the same buffer at A260 -==0.5. The chromosomes were pretreated with DNase I (0.2-1.0 ,ug/ml) for 10 min at 37°C. The pretreated chromosomes were washed and resuspended in a nick-translation buffer that contained 10 mM Tris HCl (pH 7.5), 5 mM MgCl2, 5 mM 2-mercaptoethanol, 20 ,uCi ( Nick-Translation of Chromosomes in Mitotic Cells. The harvested mitotic cells were permeabilized with L-a-lysophosphatidylcholine (type 1, Sigma) according to the method described by Miller et al. (23) . Cells were treated with hypotonic solution (1:5 dilution of the regular medium with distilled H20) at 22°C for 15 min, spun down, and resuspended in a buffer containing 10 mM Tris HCl (pH 7.5), 10 mM NaCl, 3 mM MgCl2, 0.5% Nonidet P-40 (NP-40), and 0.5% Triton X-100 at 4°C. After 30 min, the cells were washed two
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Metaphase chromosomes on glass slides were rinsed extensively with 0.3 M sodium chloride/0.03 M sodium citrate, pH 7, followed by washes with 75% ethanol and 95% ethanol. Autoradiographs were prepared with Kodak thin film AR-10 and developed in D-19B. The film was usually exposed for 1-2 weeks. The chromosomes were stained with Giemsa (10% prepared in 0.01 M sodium phosphate at pH 6.8).
Other Procedures. For DNA base composition determination, four labeled deoxyribonucleotides were used in the nick-translation reaction. DNA (20-50 ,ug) was degraded with P1 nuclease and alkaline phosphatase (24) . The resulting nucleosides were separated by reversed phase HPLC (25) . The retention times were 9.3 min for dCyd, 23 min for dThd, 25 min for dGuo, and 34.4 min for dAdo. Radioactivity associated with the eluents of each nucleoside was determined by liquid scintillation spectroscopy.
Methods for digestion of nuclei with micrococcal nuclease, extraction of DNA, agarose gel electrophoresis of nucleosomal DNA, DNA reassociation (26) , and in situ hybridization of [3H]cDNA synthesized from total poly(A)+ RNA (27) have been described.
RESULTS
When the isolated chromosomes were incubated under the nick-translation reaction conditions as described above, incorporation of radioactively labeled deoxyribonucleotides into acid-insoluble fractions (chromosomes) was found. Without DNA polymerase, very little incorporation was seen, suggesting that the nick-translation reaction was polymerase-dependent. The rate of incorporation was very rapid in the initial 2 min and then gradually leveled off. It appears that no further incorporation of the radioactive material was evident after 10 min of incubation (not shown).
The level of incorporation of radioactive nucleotide into chromosomes was a function of concentrations of DNase I in the pretreatment reaction, suggesting that the nick-translation reaction was also DNase I-dependent. In the absence of DNase I pretreatment, no incorporation of radionucleotides was observed when large fragments of DNA polymerase I (Klenow enzyme) or endonuclease-free DNA polymerase I was used. A significant amount of incorporation was observed, however, when the nick-translation grade of DNA polymerase I was used. These results suggest that "endogenous" nicks were not significant in our nick-translation reaction. We chose 0.2 ,g of DNase I per ml for pretreatment and an incubation time of 10 min in our subsequent nicktranslation reaction, using nick-translation-grade DNA polymerase I unless otherwise indicated.
We next investigated the nuclease sensitivity of the nicktranslated DNA in the chromosomes. The labeled chromosomes were mildly digested with either DNase I or micrococcal nuclease and the extent of digestion was measured. It was shown that the labeled DNA was very sensitive to the digestion by both enzymes. Under conditions (1.0 ,ug of DNase I per ml, digestion for 10 min) in which about 80% of the labeled DNA was rendered acid-soluble, only about 5% of the total genomic DNA was in the acid-soluble fraction (not shown). Although the response of labeled DNA to the micrococcal nuclease digestion was somewhat different from that of the DNase I digestion, it was also evident that the labeled DNA was also highly preferentially sensitive to the micrococcal nuclease digestion (not shown). Therefore, we conclude that the nick-translated DNA in chromosomes is hypersensitive to the nuclease digestion.
We next investigated whether the nick-translated DNA contained a typical nucleosome structure. The nick-translated chromosomes were digested with micrococcal nuclease, which preferentially cuts the linker region of a nucleosome array. DNA was extracted from the digested chromosomes, separated by agarose gel electrophoresis, stained with ethidium bromide, visualized under UV light, and followed by autoradiography. A comparison between the autoradiogram (Fig. 1B) and the ethidium bromide-stained DNA pattern of the total genomic DNA (Fig. 1A) clearly shows that the nicktranslated DNA was much more sensitive to nuclease digestion. Furthermore, no typical nucleosomal DNA repeat was shown on the autoradiogram, whereas the ethidium bromidestained pattern of total genomic DNA showed typical nucleosome repeats. These results suggest that the nick-translated DNA does not contain a typical nucleosomal structure.
To determine whether the nick-translated DNA is a unique subset or a random representative of the total genomic DNA, we performed a DNA reassociation experiment. DNA isolated from nick-translated chromosomes was mixed with unlabeled genomic DNA, sheared by sonication, denatured, and allowed to reassociate. The reassociated DNA was separated from the unreassociated DNA by hydroxyapatite column chromatography. Fig. 2 shows that the nick-translated DNA reassociated at a faster rate than the bulk DNA. At Cot 10, the point at which repetitive DNA sequences of about 300 copies per genome should have reassociated, only about 20% of the total genomic DNA was in the double-stranded structure, whereas about 30% of the labeled DNA was in the double-stranded form. These results suggest that the nicktranslated DNA on chromosomes was enriched in repetitive DNA sequences. We further investigated the base composition of DNA isolated from nick-translated chromosomes by HPLC. As shown in Table 1 , the nick-translated DNA was enriched in purine (guanine and adenine) and depleted in pyrimidine (cytosine and thymine) residues. The depletion of pyrimidines in the nick-translated DNA was consistently observed in the samples with different incubation times. In contrast, nicktranslation of purified total cellular DNA did not show such drastic enrichment in purine (or depletion in pyrimidine) (Table 1). These observations suggest that the nick-translation reaction in metaphase chromosomes was asymmetrical and the strand that was enriched in purine residues was preferentially translated.
We also used autoradiographic analysis to determine the locations of nick-translated DNA on chromosomes by using permeabilized male Chinese hamster (Don) cells. The label was distributed in virtually every chromosome, with specifically a lower silver grain density (number of silver grains per unit length of chromosome) on the Y chromosome (Fig. 3B) . Analysis of 35 metaphase spreads indicated that the grain density in the Y chromosome was lower by a factor of -3 than that of chromosome 1 (data not shown). Since a major (Fig. 4A) . We specifically focused our analysis on the Y chromosome, since the Y chromosome is readily identifiable and contains a lower grain density than other chromosomes. Most (65%) of the silver grains were located at the telomere of the short arm, and about 14% were located at the proximal region toward the centromere in the long arm (Fig. 4B) . The distribution of the nick-translated DNA was similar to that of the mRNA-specifying sequences identified by the in situ hybridization (Fig. 4A) . This result is consistent with the idea that the nick-translated DNA in chromosomes is preferentially located on the active chromatin.
DISCUSSION
The nick-translation procedure has been commonly used for in vitro labeling of DNA for various purposes (28) . Levitt et al. (29) first applied this method to investigate the nick-translated DNA in chicken oviduct chromatin and observed that the active chromatin was preferentially labeled by nicktranslation. Kerem et al. (30) applied this method to label active regions in metaphase chromosomes on fixed slides. The procedure they used to fix chromosomes has been known to cause drastic changes in chromatin structure (31) . In the present study, we utilized this method to preferentially label DNA on metaphase chromosomes that were isolated under conditions that have been best known for preserving their authentic structure (31) . Our results, which showed that the nick-translated DNA in chromosomes was hypersensitive to the nuclease digestion and contained no typical nucleosomal structure, are consistent with the notion that the nuclease-hypersensitive region is preferentially labeled. It is unlikely that the nick-translation reaction itself would have ruined the nucleosome structure, since Levitt et al. (27) have observed nucleosome structure in the nick-translation reaction in which higher concentrations of DNase I were used.
The observation that the nick-translated DNA was enriched in repetitive DNA sequences is consistent with the notion that conserved DNA sequences are present in the DNase-hypersensitive region. This suggestion is consistent with the recent results published in the literature: DNase Ihypersensitive regions at the 5' side upstream of genes may be responsible for transcriptional initiation machinery and some consensus DNA sequences have been reported to be in this region (32) . Enhancer sequences that are also hypersensitive to DNase I digestion in chromatin (8, 9, 14, 15) also contain a common core sequence (33) .
That the nick-translated DNA in metaphase chromosomes was enriched in guanine and adenine residues is consistent with the notion that the nick-translation reaction is asymmetrical and the purine-rich strand in a DNA duplex is preferentially labeled. Although DNase I is not a single-strand-specific nuclease, it produces single-stranded nicks. By contrast, micrococcal nuclease usually cuts DNA across the double strand (3). It has been reported that the DNase I-hypersensitive sites in the chromatin are also recognizable by S1 nuclease (34) . When the DNA sequences containing the hypersensitive sites were cloned into a bacterial plasmid, it was reported that these sites were also recognized by singlestranded nuclease, as long as the superhelical structure was maintained in the cloned DNA (34, 35) . It is important to note that nicking supercoiled DNA by the single-strand-spe- '% .w a cific nuclease is asymmetrical and only the strand enriched in purine is preferentially nicked (20, 35, 36) . The observation presented in the present report is consistent with the results published in these reports.
Our cytogenetic analyses described in this report indicate that the location of the nick-translated DNA on the Y chromosome is consistent with that revealed by in situ hybridization using labeled DNA complementary to total mRNA. This result is consistent with the idea that the nick-translated DNA (or the DNase I-hypersensitive region) in the genome is located in the active chromatin regions (27, 28, 37) . The present report also provides information concerning the possible locations of active genes on the Y chromosomes. Although there has been some speculation concerning the existence of male-specific genes, no functional genes have been conclusively identified and assigned on Y chromosomes in mammals, including man (38) . Our in situ and nick-translation data, which show that the telomere of the short arm and the regions proximal to the centromere in the long arm of the Y chromosome contain coding sequences, may provide useful information for further investigation of Y chromosomespecific functional genes in Chinese hamster cells. With the newly developed techniques in chromosome microdissection and microcloning, the experimental approach has become feasible (39) .
